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Translation of tomato black ring virus (TBRV) RNA-1 in a rabbit reticulocyte lysate leads to the synthesis of a 250K 
polyprotein which cleaves itself into smaller proteins of 50, 60, 120, and 190K. Polypeptides synthesized from synthetic 
transcripts corresponding to different regions of TBRV RNA-1 are processed only when they encode the 23K protein 
delimited earlier by sequence homology with the cowpea mosaic virus 24K protease. The proteolytic activity of this protein 
is completely lost by mutating residues C ~Ts (to I) or L ~ss (to H), residues which align with conserved residues of the viral 
serine-like proteases. The 120K protein is generated by cleavage of the dipeptide K/A localized in front of the VPg but is 
not further cleaved in vitro at the K/S site (at the C terminus of the VPg) or between the protease and polymerase domains, 
However, both the protein VPgProPol (12OK) and the protein ProPot (117K) produced in vitro from synthetic transcripts can 
cleave in trans the RNA-2-encoded 150K polyprotein, but they cannot cleave in trans polypeptides containing a cleavage 
site expressed from RNA-1 transcripts in which the protease cistron is absent or modified. © 1995 Academic Press, inc. 
INTRODUCTION 
The two RNAs which compose the genome of tomato 
black ring nepovirus (TBRV) each carry a small protein, 
the VPg, covalently linked to the 5' terminus and a poly(A) 
tail at the 3' terminus. Their genetic information is ex- 
pressed via the synthesis of two polyproteins which are 
cleaved in vitro and in vivo to produce functional proteins 
(Demangeat eta / . ,  1990, 1991, 1992). The RNA-I-en- 
coded 250K polyprotein is self-cleaved when synthesized 
in a reticulocyte lysate system, whereas processing of 
the RNA-2-encoded 150K polyprotein occurs only when 
the incubation medium is supplemented by the in vitro- 
synthesized RNA-1 products. Processing of the 250K 
polyprotein seems to occur by cleavage at a putative site 
called A, which generates a 190K C-terminal protein and 
probably a complementary N-terminal 50K protein, and 
at a site called B, to give a 60K protein and a 120K C- 
terminal protein (Fig. 1A) (Demangeat eta/. ,  1990). Amino 
acid sequence analysis revealed that this latter protein 
contains a domain similar to the viral serine-like prote- 
ases of the picorna-like viruses (Gorbalenya et a/., 1989; 
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Dougherty and Semler, 1993) and a domain containing 
the consensus sequence of the RNA-dependent RNA 
polymerase (Candresse eta/ . ,  1990). 
Alignments of the sequence of the protease domain 
of TBRV RNA-1 with the cowpea mosaic virus (CPMV) B- 
RNA-encoded or grapevine fanleaf virus (GFLV) RNA-1- 
encoded 24K proteases allowed localization of the TBRV 
protease approximately between amino acids 1235 and 
1442 of the 250K protein and to estimate its Mr at 23K 
(Greif et al., 1988). By analogy with CPMV, we suggested 
that this protein was implicated in the processing of the 
250K polyprotein, Nevertheless such a 23K protein has 
never been observed in vitro or in vivo, suggesting that 
the protease domain may be active as a precursor poly- 
protein. In the case of poliovirus the association of 30 
and 3D domains is required for (+) strand replication 
(Andino et a/., 1993) but also for proteolytic trans activity 
(Jore eta/. ,  1988; Ypma-Wong eta/. ,  1988). For GFLV and 
CPMV, the 24K protease is responsible for all cleavages 
in cis; this protein is also implicated in the cleavages 
occurring in trans although its activity is modulated in 
GFLV by the presence of the VPg in front of the 24K 
protease (Margis eta/ . ,  1994) and, in the case of CPMV, 
requires the presence of the B-RNA-encoded N-terminal 
32K protein (Peters et aL, 1992b). 
In this paper we first confirm that the proteolytic activity 
of the TBRV RNA-l-encoded 250K polyprotein is located 
in the region predicted for the 23K protein. Then we in- 
vestigate the cis and trans protease activity displayed by 
this domain when associated with the VPg and polymer- 
ase sequences. 
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MATERIALS AND METHODS 
Bacterial strains, vectors, reticulocyte lysate systems 
Escher/ch/a co//C600 5K, NM522, and TG2 were used 
as host strains for plasmid cloning and amplification. All 
cDNA fragments were cloned in pBS(+) vector (Stra- 
tagene) with the viral coding strand downstream of the 
T3 bacteriophage promoter. Oligonucleotide-directed 
mutagenesis was based on the method of Nakamaye 
and Eckstein (1986) and performed using the mutagene- 
sis kit of Amersham or following the method of Zoller 
and Smith (1984) modified by Sambrook eta/. (1989). 
Phagemid single-stranded DNA required for site-directed 
mutagenesis was induced by infection of E. coil strain 
TG2 with the M13 K07 defective helper phage. Rabbit 
reticulocyte lysate purchased from Green Hectares were 
made mRNA-dependent by treatment with micrococcal 
nuclease (Worthington) (Hemmer et a/., 1989). TNT-cou- 
pied reticulocyte lysate system was from Promega. 
Plasmid construction 
pSCP61, pSTQ121, and pSTP3, dC-tailed cDNAs of 
TBRV RNA-1 were initially cloned in Pstl-linearized dG- 
tailed pBR322 (Greif et al., 1988). Fragments of these 
clones were inserted stepwise in pBS vector to construct 
pS1E17, which contained the full-length cDNA of RNA-1 
inserted at the Pstl restriction site downstream of the T3 
bacteriophage promoter. The transcript directed the in 
vitro synthesis of the 250K polyprotein which undergoes 
the same proteolytic processing as the 250K polyprotein 
obtained from viral RNA-1 (Greif, 1989). The intermediate 
plasmids pSCP61, pSTQ121, and pSTP3 used for the 
construction of pS1 E17 served as starting material in this 
work; pSCP61 and pSTQ121 contain the cDNA-1 se- 
quence from nucleotide 1 to nucleotide 4284, and from 
nucleotide 1 to nucleotide 5639, respectively. In pSTP3, 
[he cDNA-1 corresponding to nucleotides 1 to 7362 was 
deleted between nucleotides 362 and 3648 (Fig. 1A). 
pSTPll, pSTP13, pSTP3-SR, pSTP3-SS, and pSTP3- 
2M. These were all derived, by site-directed mutagene- 
sis, from pSTP3 (Greif, 1989). The two former contain 
mutations within the conserved sequence of the protease 
domain which convert either the Cys codon UGU (amino 
acid 170)to the lie codon AUC (pSTP11) or the Leu codon 
CUA (amino acid 188) to the His codon CAU (pSTP13) 
(Fig. 2A). In the plasmids pSTP3-SR, pSTP3-SS, and 
pSTP3-2M the potential cleavage sites surrounding the 
VPg were modified. For pSTP3-SR, the mutation of the 
codons AAG GCU to UCU AGA changed the dipeptide 
K/A at the N terminus of VPg to S/R and created a restric- 
tion site for Xbal. For pSTP3-SS, mutation of the codons 
GO0 AAA UCC to GCG AGC UCC transformed the dipep- 
tide K/S at the O terminus of VPg to S/S and created a 
restriction site for Sacl. Mutant pSTP3-2M contained both 
mutations. 
pProPol. Digestion of pSTP3-SS by Saci and Scal al- 
lowed purification of a DNA fragment containing the se- 
quence of RNA-1 from nucleotide 3958 to the 3' end, 
followed by about 1400 nt belonging to the vector. This 
fragment was inserted in pB3L-MSS, a mutant of pB3L 
described by Hemmer et aL (1993), which contained, di - 
rectly downstream of the T3 promoter of the pBS vector, 
the cDNA of the TBRV satellite RNA (L) in which mutation 
of 2 nt of the second codon of the open reading frame 
(ORF) introduced a Sacl restriction site. After digestion 
ofp3L-MSS by Sacl and Scal the longest DNA fragment, 
containing essentially the vector and the 5' noncoding 
region of TBRV sat-RNA, was purified and ligated with the 
SacI-Scal fragment of pSTP3-SS. The resulting plasmid, 
pProPol, contained downstream of the T3 promoter the 
cDNA of the 5' noncoding region of the sat-RNA and the 
cDNA of the 3' half of RNA-1 encoding the C-terminal 
region of the 250K polyprotein from amino acid 1234 to 
the C terminus (i.e., the protease and the polymerase 
domains). Two codons (Met and Ser) at the N terminus 
remain from the ORF of the sat-RNA. 
pVPgProPol. This was constructed in a similar manner 
as pProPol except that the inserted cDNA-1 started at 
nucleotide 3874 and corresponded to the fragmentXbal- 
Scal from pSTP3-SR. This fragment was inserted in pB3L- 
R4, a mutant of pB3L in which an Xbal restriction site 
was inserted by mutation of UAU to AGA in the fourth 
codon. As a result, the QRF of the resulting recombinant 
plasmid (pVPgProPol) includes the region of the viral VPg 
in which the first amino acid was Arg instead ofAla and 
extended by three additional amino acids (Met Lys Ser) 
at the N terminus. 
All recombinant plasmid constructs were analyzed by 
restriction mapping to verify the introduction or the elimi- 
nation of the appropriate restriction site and by sequenc- 
ing the region around the mutations. 
In vitro transcription-translation 
Uncapped transcripts were synthesized from linear- 
ized recombinant plasmid IbNA using T3 RNA polymer- 
ase (Greif et aL, 1990). Transcripts were designated as 
the corresponding plasmids except that "p" was replaced 
by "T". The size and integrity of the transcripts were ana- 
lyzed by electrophoresis on an agarose gel under dena- 
turing conditions (Gustafson et aL, 1982). Transcripts 
were translated in rabbit reticulocyte lysate (1 #g of tran- 
script/10 #1 of translation medium) as described by Hem- 
mer et al. (1989). Alternatively, circular plasmid DNA was 
incubated in a combined transcription-translation TNT- 
coupled reticulocyte lysate system under the conditions 
recommended by the supplier (i.e., about 0.1 #g/5 #1 of 
incubation medium). Translation was carried out at 30 ° 
and products were analyzed by SDS-PAGE (Laemmli, 
1970; Demangeat et aL, 1990). To study maturation in 
trans, the substrate proteins were synthesized in the tab- 
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bit reticulocyte lysate in the presence of [35S]methionine. 
After incubation of 45 min for precursors of 160K and 30 
min for shorter precursors, the products were mixed with 
unlabeled translation products obtained after 1 hr incu- 
bation (from RNA-1) or 30 min incubation (from tran- 
scripts of pVPgProPol or pProPol). Just before mixing, 
unlabeled methionine (1 mM final) and edeine (10 #g/ 
mi) were added to the labeled medium to prevent new 
initiation and further labeling of the unlabeled products. 
Alternatively, edeine was replaced by RNase A (0.1 #g/ 
#1) to destroy the mRNAs. 
Immunoprecipitation 
Antisera directed against synthetic peptides C and P, 
corresponding to C-terminal regions of the protease and 
polymerase, respectively, were used in immunoprecipita- 
tion reactions as described by Demangeat et al. (1990). 
VPg preparation and microsequencing 
Purified TBRV RNA (500 #g) was hydrolyzed in 100 #1 
of 20% trifiuoroacetic acid for 48 hr at room temperature 
(Pinck et al., 1991). The hydrolyzed material was directly 
sequenced by automated Edman's degradation using an 
Applied Biosystem 470 A protein sequencer equipped 
with a PTH 120 analyzer (Hewick et aL, 1981). 
RESULTS 
Processing of polyproteins expressed by cDNA 
clones containing different regions of the coding 
sequence of RNA-1 
In order to determine the region(s) implicated in pro- 
cessing at the sites referred to as A and B of the RNA-1- 
encoded 250K polyprotein, we constructed three clones 
(pSCP61, pSTQ121, and pSTP3)which contain different 
regions of the cDNA of TBRV RNA-1 inserted downstream 
of the T3 bacteriophage promoter (Fig. 1A). The polypep- 
tides encoded by pSCP61 and pSTQ121 correspond ap- 
proximately to the N-terminal half and to the N-terminal 
three-fourths of the 250K polyprotein, respectively. Both 
contain the two cleavage sites A and B. In pSTP3, dele- 
tion of the cDNA-1 between nucleotides 362 and 3648 
did not disturb translation of downstream regions of the 
ORF, but the protein contained only cleavage site B. The 
amino acid sequence corresponding to the entire 23K 
putative protease was present in the proteins encoded 
by pSTQ121 and pSTP3, but was shortened by 101 amino 
acids at the C terminus in the protein encoded by 
pSCP61. 
Translation in reticulocyte lysate of the transcripts (T) 
obtained by in vitro transcription of the linearized plas- 
mids resulted in each case in synthesis of the protein of 
the expected size (i.e., Mr of 150K for TSCP61, 200K for 
TSTQ121, and 132K for TSTP3) if ribosomes left the tran- 
script after they encountered the first stop codon or the 
3' end of the RNA (Fig. 1B). Although the amount of the 
150K protein present after 45 min of translation of 
TSCP61 slightly decreased after an additional 1 hr 15 
min of incubation (probably because of the instability of 
the protein in the medium), smaller polypeptides which 
would result from cleavage at site A and B could not be 
detected. By contrast, the 132K protein synthesized 
within 20 min from TSTP3 was completely processed to 
a 120K protein after 2 hr, as expected if cleavage occurs 
at site B. Similarly the 200K protein from TSTQ121 ob- 
tained after 45 min of incubation was processed to two 
smaller proteins (136 and 70K), although less efficiently 
than the 132K protein. As the efficiency of translation of 
this transcript was always relatively poor, we also stud- 
ied the expression capacity of the RNA in the TNT-cou- 
pied reticulocyte system (Fig. 1B). In these conditions 
processing of the 200K protein was incomplete as before, 
but the two proteins of 135 and 70K became clearly visi- 
ble. The N-terminal cleavage products (50 and 60K) of 
the 250K polyprotein were generally poorly visible com- 
pared to the C-terminal 190 and 120K proteins (De- 
mangeat et al., 1990). it therefore seems likely that the 
two proteins 135 and 70K detected here correspond to 
the C-terminal proteins and arise also from cleavage of 
the 200K protein at the two presumed sites A and B. 
Indeed the 200, 135, and 70K proteins were specifically 
immunoprecipitated by the antiserum directed against 
the C-terminal region of the protease domain (De- 
mangeat et aL, 1990) (Fig. 1B, lane I), whereas, under 
the same conditions, only minor amounts of the 200 and 
135K proteins were nonspecifically precipitated by the 
antiserum directed against the C-terminal region of the 
polymerase domain (Fig. 1 B, lane NI). In the TNT system, 
the translation of TSTP3 resulted mainly in the production 
of the processed 120K protein and the translation of 
TSCP61 in the synthesis of the primary 150K product. 
These results showed that efficient processing of the 
polyproteins requires the presence of the C-terminal re- 
gion of the 23K protein. 
Determination of the amino acid sequence of the VPg 
In order to map precisely the N terminus of the 23K 
protein which was earlier localized only on the basis 
of amino acid sequence alignments with CPMV B-RNA- 
encoded VPg and protease, we purified and sequenced 
the VPg essentially as described by Pinck et al. (1991). 
The VPg sequence established by Edman's degradation 
was 
1 27 
AQQKSSSQEGGYRARNIPI H H RYAYAK. 
The 27 residue sequence corresponds exactly to that 
deduced from the nucleotide sequence from nucleotide 
3876 to nucleotide 3956 and is consistent with the local- 
ization of VPg proposed earlier by Greif et al. (1988), 
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Fie. 1. /n vitro translation of three TBRV RNA transcripts encoding polyproteins containing partial or complete "23K" protein. (A) Diagrammatic 
representation of the TBRV RNA-1 genetic map and the relevant portion of plasmids containing cDNA from the indicated regions of RNA-1. The 
box corresponds to the ORF; V, Pro and Pal correspond to the domains of VPg, protease, and polymerase. Nucleotide positions are indicated at 
the top. A and B correspond to the position of the presumed cleavage sites deduced from the pattern of proteolytic processing of the RNA-1- 
encoded 250K polyprotein. Thin boxes correspond to vectors sequences. Thick lines represent the full-length polypeptides encoded by the RNA-1 
or by the transcripts obtained from the three plasmids. Thinner lines correspond to the polypeptides obtained after in vitro processing as described 
by Demangeat et aL {1990). (B) [S6S]Methionine-labeled translation products synthesized by transcripts from Pvull-linearized pSCP61 and pSTQ121 
and from BamHl-linearized pSTP3 in a reticulocyte lysate. Incubation was performed at 30 ° and samples were analyzed at the different imes 
indicated. Alternatively [sSS]methionine translation products were synthesized in the TNT-coupled reticulocyte system from the circular plasmids 
pSCP61, pSTQ121, or pSTP3 incubated for 1 hr at 30 °. Products of pSTQ121 synthesized in the TNT system were immunoprecipitated by an 
antiserum directed against a peptide located at the C-terminal region of the protease (r) or of the polymerase (NI). In vitro translation products were 
analyzed by 8% SDS-PAGE. Gels containing immunoprecipitated products were treated with ENSHANCE (DuPont NEN) before autoradiography. 
except that  it is shor ter  by 2 amino  ac ids  at its C te rminus ,  
terminat ing by Lys (K) ins tead  of Gin (Q). The  fo l low ing  
observat ions  are cons is tent  w i th  the conc lus ion  that  K 
cor responds  to the C - te rmina l  res idue  of the VPg= (i) no 
new amino  ac id  res idue  cou ld  be ident i f ied in the cyc le  
after  K, and (ii) as usua l ly  observed  when sequenc ing  
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pSTPll 
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FIG. 2. In vitro translation of the transcripts derived from pSTP3 and its derivatives pSTP11 and pSTP13 containing a mutation in the carboxylterminal 
protease domain. (A) Diagrammatic representation of pSTP3. Modified amino acids, in pSTP11 and pSTP13, and their location in the protease are 
indicated. (B) Analysis by 8% SDS-PAGE of 35S-labeled proteins synthesized from transcripts of pSTP3, pSTP11, and pSTP13 after the indicated 
incubation periods. 
tryptic peptides ending by K, even when they are as long 
as VPg (about 30 residues), recovery yield of K in cycle 
27 was very low, i.e., diminished by a factor of 8 com- 
pared with the preceeding residue (A in position 26) and 
Kwas released in a small amount in the next sequencing 
cycle (cycle 28). Consequently, we conclude that release 
of VPg occurs by cleavage of the dipeptide K/A at the N 
terminus and very likely of the dipeptide K/S at the C 
terminus so that the N terminus of the protease would 
correspond to the serine, two residues upstream of the 
originally predicted alanine (Greif et aL, 1988). 
Mutagenesis in the protease domain 
To provide further evidence that the protease domain 
is actually involved in the processing of the polyproteins 
and behaves like the 3C picornaviral protease, we pre- 
pared two mutants of pSTP3. Mutant pSTP11 contains a 
point mutation converting the Cys codon at position 170 
(numbering refers to the protease) to an lie codon. In 
mutant pSTP13, the Leu codon at position 188 was con- 
verted to an His codon (Fig. 2A). These amino acids were 
targeted because the Cys residue aligns with Cys 166 of 
the CPMV 24K protease (Dessens and Lomonossoff, 
1991) and Cys 179 of the GFLV protease (Margis and Pinck, 
1992), which are thought to belong to the putative cata- 
lytic triad of the picornaviral proteinases (Bazan and Flet- 
terick, 1988; Gorbalenya etaL, 1989). The Leu residue is 
conserved in the three known nepovirus protease se- 
quences (Margis and Pinck, 1992) in place of His 184 
(CPMV 24K numbering), which is thought to belong to the 
putative substrate binding pocket of the viral protease. 
As shown in Fig. 2B, translation of TSTP11 and TSTP13 
did not result in the production of the 120K protein (even 
after longer incubation periods), showing that both muta- 
tions abolished the enzymatic activity of the protease. 
However, unlike the 120K protein which, once produced, 
remained stable for hours, the full-length 132K protein 
and the 126K protein (which as shown below corre- 
sponds to an internal initiation pioduct) are rapidly de- 
graded. This suggests that the presence of the amino 
acids composing the end of the helicase domain destabi- 
lizes the longer proteins. 
Removal of the polymerase domain 
In order to investigate if the polymerase domain has 
an effect on the rate of processing of the 132K protein, 
pSTP3 was linearized by different restriction enzymes 
to generate transcripts encoding proteins in which the 
polymerase sequence was progressively removed. 
Translation of the transcripts from Aft!l-, EcoRl-, Kpnl-, 
Xmnl-, and SfaNl-linearized DNA (see Fig. 2A) yielded 
the expected full-length translation products (Fig. 3). Ex- 
cept for the 35K protein from the SfaNI transcript, the 
proteins synthesized from all transcripts were processed 
108 K- 
96 K- 
A/n/ 
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EcoRI 
KpnI XmnI 
-79 K 
"-67 K 
SfaNI 
-35 K 
367 
20' 45' 2h 20' 45' 2h 10'20'45'2h 10'20'45'211 10' 20' 45' 211 
FiG. 3. In vitro translation of the different 3'-truncated transcripts generated by linearization ofpSTP3 with Aflll, EcoRI, Kpnl, Xmnl, and SfaNI and 
transcription with T3 polymerase (positions of the enzyme restriction sites are indicated on Fig. 2A). Proteins were analyzed, by 12% SDS-PAGE, 
after the different periods of incubation indicated at the bottom. 
to proteins shorter than the primary product by approxi- 
mately 12K. The protein generated by TSTP3-S faNI  is 
shorter than the 23K protein by 31 amino acids and in 
particular lacks the Leu 188 residue present in all nepo- 
virus proteaees, which we have shown above to be es- 
sential in the proteolytic activity. On the other hand, lin- 
earization by Xmnl  produced a transcript which encodes 
an enzymatically active protein. This protein contains at 
the C terminus 4 amino acids more than the 23K protein, 
which was arbitrarily aligned with the CPMV 24K prote- 
ase up to Gin 21°. These results show that proteolytic ac- 
tivity is associated only with the 23K protein and that the 
entire polymerase domain is dispensable for proteolysis 
at site B. 
Identification of the B cleavage site 
In order to determine if the cleavage of the precursor 
protein encoded by TSTP3 and all its derivatives occurs 
to the left, to the right, or to both borders of the VPg 
sequence, we first tried to sequence the 3H-radiolabeled 
120K protein by automated Edman's degradation. Con- 
sidering the sequence of the VPg, [3H]leucine should be 
detectable after the seventh and the eighth degradation 
cycle if the 120K protein was generated by cleavage at 
the C terminus of the VPg. However, no 3H-label was 
released within the 10 first cycles. 
We therefore constructed three mutants of pSTP3 in 
which the dipeptides of the two cleavage sites were mod- 
ified, in mutant pSTP3-SS the dipeptide K/S was modified 
to S/S, in mutant pSTP3-SR the dipeptide K/A was modi- 
fied to S/R, and pSTP3-2M contained both mutations. 
Translation products obtained from transcripts of the 
EcoRl- l inearized plasmids are shown (Fig. 4). Processing 
of the translation product of TSTP3-SS was identical to 
that obtained with TSTP3. Only the processed 67K protein 
which appeared 20 min after the start of incubation accu- 
mulated in the medium, whereas the full-length 79K pro- 
tein precursor and the intermediate protein (73K) de- 
creased and disappeared after 45 min of incubation. 
Upon translation of TSTP3-SR and TSTP3-2M, the primary 
translation product (79K) disappeared also but the 67K 
protein was not obtained and the intermediate protein 
(73K) decreased only slowly. This indicates that the ob- 
served in vitro processing of the polyprotein at site B 
corresponds to cleavage of the K/A dipeptide, leaving 
the VPg attached to the protease-polymerase precursor. 
These results also demonstrate that the intermediate 
protein is not generated by cleavage at the K/S dipeptide 
because even if the change of K/S to S/S does not hinder 
the cleavage of the 79K precursor, the generated protein 
should be smaller than the 67K protein. It is likely that 
this protein arises by an internal initiation process which 
may occur at the AUG located 159 nt downstream of the 
79 K- 
67I{- 
STP3 STP3-SS STP3-SR STP3-2M STPI 1 
K/A-K/S K/A-S/S S/R-K/S S/R-S/S K/A-K/S 
20' 45' 2h 20'45' 2h 20' 45' 2h 20' 45'2h 20' 45' 2h 
FiG. 4. In vitro translation and processing of the 79K protein con- 
taining wild-type and altered VPg N- and/or C-terminal cleavage site. 
Wild-type transcript from EcoRl-linearized pSTP3 encodes a 79K protein 
which is cleaved to a 67K protein. The mutant transcripts derived from 
pSTP3-SS, -SR, and -2M express a protein which contained an altered 
amino acid in one or both cleavage sites surrounding the VPg. The 
mutant ranscript from pSTP11 expresses an inactive protease (see 
Fig. 2B). The wild-type residues of the cleavage site and the amino 
acid substitutions are given at the top. Proteins were analyzed by 8% 
SDS-PAGE. 
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-132 K 
117 K- -120 K 
FIG. 5. [3~S]Methionine-labeled translation products synthesized in a 
TNT-coupled reticulocyte system programmed with circular DNA of 
the indicated plasmids and analyzed by 8% SDS-PAGE after 1 hr of 
incubation at 30 ° . 
initiator AUG. This protein, which would contain a fewer 
residues upstream of the VPg than the 79K protein initi- 
ated at the first AUG, seems to be significantly more 
stable in the medium. 
Trans activity of the precursor proteins VPgProPol 
and ProPel 
Our findings indicate that the 120K protein (corre- 
sponding to the VPg, protease, and polymerase domains) 
undergoes little if any further processing in vitro and in 
vivo (Demangeat et aL, 1990, 1992). Thus it is possible 
that the protease domain of the 120K protein can act in 
vivo to cleave in trans the 150K polyprotein produced by 
RNA-2. Maturation of the 150K polyprotein was obtained 
in vitro after prolonged incubation with the translation 
products of RNA-1 (Demangeat etaL, 1991), butwe never 
observed maturation of the 150K polyprotein after pro- 
longed incubation with the TSTP3 products or by cotrans- 
lation of both RNAs in the same medium (results not 
shown). This result suggested that, as for CPMV, a sec- 
ond protein (not present among the TSTP3 products) en- 
coded by RNA-1 is needed for the proteolytic trans activ- 
ity or, due to the instability of the 132K protein, only a 
limited amount of active protease could be produced so 
that trans maturation of the RNA-2-encoded 150K pol- 
yprotein was inefficient. 
To test this second hypothesis we prepared pVPgPro- 
Pol, which encodes the 120K protein, and pProPol, which 
encodes a 117K protein (120K minus VPg). Both proteins 
were efficiently produced in the TNT-coupled reticulocyte 
system (Fig. 5) or in rabbit reticulocyte lysate (pro- 
grammed with the transcripts obtained from the BamHI- 
linearized plasmids) and remained stable in the reticulo- 
cyte lysates for at least 4 hr. The ability of VPgProPol 
and ProPel proteins to cleave 3~S-labeled RNA-2-en- 
coded 150K polyprotein in trans was examined (Fig. 6). 
Addition of nonlabeled lysate (incubated for 30 min) to 
the lysate containing RNA-2 (incubated for 45 min) and 
further incubation of the mix for 3 hr did not significantly 
modifytranslation profiles of RNA-2 (Fig. 6, control). Upon 
addition of the !20K-unlabeled VPgProPol protein to the 
products of RNA-2 (6 to 1 vol) small amounts of the three 
proteins of 59, 50, and 46K corresponding to processing 
of the 150K polyprotein were obtained (Fig. 6), in a similar 
pattern to that observed when RNA-1 translation prod- 
ucts were added to RNA-2 translation products (6 to ! 
vol) (Fig. 6). Linearization of pVPgProPol by EcoRI orXmnl 
allowed us to obtain transcripts expressing shortened 
precursor protein of, respectively, 67 and 27K (in which 
the polymerase was partially or nearly completely re- 
moved). Maturation with these products did not modify 
the preceeding cleavage pattern, except that the prod- 
ucts of transcripts from EcoRl-linearized plasmids were 
generally more efficient, probably because they were 
produced in higher amounts, than products of transcripts 
from BamHl-linearized plasmids, although similar quanti- 
ties of transcripts were used (not shown). Maturation of 
the RNA-2-encoded 150K polyprotein was also observed 
with the products of transcripts of BamHI- (Fig. 6), EcoRl-, 
or Xmnl-linearized pProPol (not shown). However, 
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FIG. 6. Processing in trans of the RNA-2-encoded 150K polyprotein 
by VPgProPol or ProPel proteins. [35S]Methionine-labeled TBRV RNA- 
2-encoded products were synthesized in a reticulocyte lysate and, after 
45 min of incubation, this translation medium was diluted sixfold with 
a translation medium containing 100 #M unlabeled methionine and 
incubated for 45 min without RNA (Control), for 1 hr with RNA-1 or for 
30 min with transcripts from BamHI-linearized pVPgProPol or pProPol. 
Just before addition of the unlabeled translation medium, the reaction 
was supplemented with methionine (1raM) and edeine (10 #g/ml). The 
mixtures were then further incubated for the time indicated on the 
figure. The 100K protein visible in lane 4- corresponds to an intermediate 
cleavage product located at the N terminus of the 150K polyprotein 
(Demangeat et aL, 1991). Proteins were analyzed by 8% SDS-PAGE. 
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FfG. 7. Analysis of the processing of the 35S-labeled 79K and 132K 
proteins synthesized from the transcripts of EcoRI (STP11-E)- and 
BamHt (STP11 -B)-Iinearized pSTP11 by the protease precursors ProPol 
and VPgProPol. The radiolabeled 79K protein, obtained by translation 
of TSTP11 -E for 30 min, was mixed with unlabeled products synthesized 
after 30 rain from TProPoI-E or from TVPgProPoI-E (Post-translation) 
and the mixtures were further incubated as indicated. TSTP11-E and 
TPrePoI-E (1 #g of each transcript/10 #l of translation medium) or 
TSTP11 -B and TVPgProPoI-E were incubated simultaneously (Cotrans- 
lation) for the time indicated. The products obtained by translation of 
the transcripts from pSTP3-E and pSTP3-B correspond to the expected 
cleavage products (arrows). Proteins were analyzed by 8% SDS-PAGE. 
whereas the 59K coat protein was produced in similar 
amounts as before, the 46K protein was only poorly visi- 
ble. It is possible that the presence of the VPg in front 
of the protease favors the processing between the 50 
and 46K N-terminal proteins which, as shown by De- 
mangeat et al. (1991), is less efficient than processing 
between the 46 and the 59K proteins. These results sug- 
gest that the proteolytic activity contained in the region 
corresponding to the 23K protein is modulated by the 
presence of the VPg. Nevertheless, no additional RNA- 
1-encoded viral protein seems to be necessary for trans 
cleavage of the 150K polyprotein. However, the efficiency 
of the cleavage was very low compared to the cis pro- 
cessing of the TSTP3-encoded protein, for example. 
Therefore, although it seems likely that the incubation 
conditions were unfavorable for optimal trans activity of 
the protease, we cannot exclude that in vivo host factors 
are needed for more efficient processing. 
We showed earlier (Demangeat et al., 1990), as well 
as in this paper, that in vitro processing of the 250K 
polyprotein or of derived precursors occurred essentially 
at sites A and B (now shown to be a K/A cleavage), 
whereas cleavage at the K/S site at the C terminus of 
VPg, as between the protease and the polymerase do- 
mains, was not observed. Assuming that the efficiency 
of the cleavage at these sites depends on whether the 
reaction occurs in c/s or in trans, we tested the ability 
of nonlabeled products of TVPgProPoI-E and TProPoI-E 
(obtained from corresponding EcoRl-linearized plasmids) 
to cleave a 35S-labeled substrate derived from EcoRI- or 
BamHl-linearized pSTP11, which encode a mutated 79 
or 132K polypeptide (unable to undergo autocatalytic 
cleavage) (Fig. 7). 
The translation pattern of TSTP11-E was not modified 
by addition of the protease precursors ProPol or VPgPro- 
Pol and further 2 hr incubation= no new protein was pro- 
duced in addition to the full-length translation product (of 
79K) and the internal initiation product (~73K) (Fig. 7, 
post-translation); in particular, no protein comigrating 
with the 67K produced by TSTP3-E (arrowed on Fig. 7) 
or with the 64K protein induced by TProPoI-E (visible in 
Fig. 7, cotranslation), which could account for cleavage 
at site K/A or K/S, were detectable. Cotranslation of 
TSTP11-E with TProPoI-E did not result in any evident 
processing of the substrate. Also, the 132K product of 
TSTP11-BamHI was not cleaved in a 120K protein (ar- 
rowed on Fig. 7) when cotranslated with TVPgProPoI-E. 
Although both protease precursors contain a trans pro- 
cessing activity (which cleaved the RNA-2-encoded 150K 
polyprotein), they were inactive on the 79 or 132K sub- 
strates derived from TSTP11. Therefore, it is likely that 
the K/A site is only cleaved in cis. Similarly, the protease 
precursors were inactive on TSCP61 products, sug- 
gesting that also the A site is only cleaved in cis. 
DISCUSSION 
Based on amino acid sequence comparisons a domain 
corresponding to a 23K protein in the TBRV RNA-I-en- 
coded 250K polyprotein (Greif et aL, 1988) was aligned 
with the viral serine-like proteinases of poliovirus (30) 
(Gorbalenya et al., 1989), OPMV (24K) (Dessens and Lo- 
monossoff, 1991), potyvirus (Nla) (Dougherty and Semler, 
1993), and GFLV (24K) (Margis and Pinck, 1992). in this 
work we have constructed pSTP3 to demonstrate that 
the 23K domain is involved in the cleavage in c/s at the 
dipeptide K/A located at the N terminus of the VPg to 
generate a 120K protein composed of the VPg, the prote- 
ase, and the polymerase (Fig. 1). 
Determination of the amino acid sequence of the VPg 
allowed us to locate exactly the N terminus of the 23K 
protein and to conclude that His 4°, Asp ~°1, and Cys ~7° 
correspond to the three residues of the catalytic triad 
His 43, Asp ~°, and Cys 179 of GFLV protease as proposed 
by Margis and Pinck (1992). Replacement of Cys ~7° by 
lie abolished the activity of the protease (Fig. 2B) and 
further supports the idea that the OMS 17° in place of Ser 
in the picornaviral serine proteases corresponds to the 
nucleophile residue. 
Our results also show that, as for Leu ~97 in the GFLV 
protease, Leu 188 of TBRV plays an important role in the 
activity of the protease. This residue is at a similar posi- 
tion to the conserved His residue, 12-18 residues down- 
stream of the Cys residue, of como-, picorna-, and potyvi- 
ruses proteases, thought to be a key residue in recogni- 
tion of a substrate containing Gin (Q) in the P1 position 
(Argos et aL, 1984; Dougherty and Semler, 1993). 
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The determination of the two cleavage sites K/A and 
K/S flanking the VPg, along with the K/A site identified 
previously in the RNA-2-encoded 150K polyprotein (De- 
mangeat et al., 1992) shows that TBRV protease behaves 
like a typical trypsin protease. However, replacement of 
Leu lss by His did not result in cleavage of the 120K pro- 
tein at the dipeptide Q/S previously considered as the 
possible junction between the protease and the polymer- 
ase domain (Greif et al., 1988). In view of these new 
results, the K/A dipeptide, 18 residues downstream of 
the Q/S dipeptide, may be a better candidate for a cleav- 
age site. However, the 120K protein remains uncleaved 
in vitro and was also found to be stable in vivo (De- 
mangeat et aL, 1992). Similar results were obtained in 
the case of the 110K protein of CPMV or of the 3CD 
protein of poliovirus which are both very inefficiently 
cleaved in the reticulocyte lysate (Dessens and Lomo- 
nossoff, 1992; Ypma-Wong and Semler, 1987). In both 
cases, sequences upstream of the viral protease en- 
hance the cleavage between the protease and the poly- 
merase (Dessens and Lomonossoff, 1992; Jore et aL, 
1988). For TBRV, this cleavage was also not observed 
upon translation of RNA-1 (Demangeat et aL, 1990) or of 
STP3 transcript but further work is needed to examine 
whether the presence of upstream sequences could 
stimulate the cleavage of the 120K protein. 
In the cleavage of the picornaviridae polyproteins, ac- 
tivities differ depending upon whether protease or pre- 
cursors are used. For TBRV, our experiments did not 
show any difference of the activity of the 23K protease 
on the processing of the protein encoded by TSTP3 after 
shortening or complete removal of the polymerase do- 
main (Fig. 3). This result suggests that incomplete cleav- 
age of the 200K potyprotein at site B is not related to the 
absence of a part of the polymerase domain (in STQ121 ). 
It seems more likely that the cleavage rate at site B 
remains low when the polyprotein contains N-terminal 
sequences with site A. 
Analysis of the processing of the RNA-2-encoded 150K 
polyprotein showed that the 120K protein (VPgProPol) 
expressed in vitro is able to cleave the 150K polyprotein 
in trans (Fig. 6). Although the efficiency was very low, the 
results are in agreement with those obtained by Margis 
eta/. (1991, 1994), who showed that the GFLV 24K prote- 
ase is able to process the P2 polyprotein without inter- 
vention of a cofactor such as the CPMV 32K protein (Pe- 
ters eta/., 1992b). However, unlike the results obtained 
with GFLV where the protease was more efficient than 
VPgPro precursor in cleaving the P2 polyprotein, the 
TBRV 150K polyprotein was more effectively processed 
by VPgProPol than by ProPol protein (Fig. 6). 
Release of VPg from the VPgProPol protein was never 
observed in vitro perhaps because, as for the potyvirus 
Nla protein, the cleavage occurs only rarely under normal 
conditions (Dougherty and Parks, 1991). It is possible 
that VPg is liberated in vivo only in the replication corn- 
plex when needed for initiation of replication. Such an 
hypothesis also followed from the results of Peters et al. 
(1992a), who demonstrated that the 112K protein of 
CPMV is more likely to be the precursor of VPg than the 
earlier predicted 60K protein. 
In summary, only a few sites within the TBRV polypro- 
tein are efficiently cleaved in vitro. This can be due to 
different reasons, the conditions are not favorable for the 
activity of the protease, some important sequences in 
the protease precursor or in the substrate proteins were 
absent, or cellular factors are involved in the proteolytic 
process. 
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